Ferritin, together with haemosiderin, is the principal iron-storage protein in mammals. It is found principally in spleen liver and bone marrow (Granick, 1943) , but in man appears to be present in all cell types, including mucosal cells, testis, kidney, heart and'skeletal muscle, lung, pancreas, thyroid, reticulocytes, adrenal and placenta (Granick, 1946; Allfrey et al., 1967; Arora et al., 1970) . More recently its presence in serum, originally established by Mazur & Shorr (1948 , 1950 , has become the basis of a routine method for measurement of body iron stores (reviewed by Jacobs & Worwood, 1975) . Its distribution in mammals is extensive. Originally isolated from the horse (Laufberger, 1937) , it has since been found in virtually all mammals examined (for a review see Crichton, 1973) .
The distribution offerritin in nature is not restricted to mammals. It has been isolated from tuna fish Thunnus thymnus and its presence confirmed in both eggs and early embryos of frog Rana esculenta, in snail Helix pomatia heptopancreas and ovotestes, in octopus Octopus, in certain invertebrates notably worms Lumbricus terrestris, and in fungi and plants (reviewed by Crichton, 1973) .
The identification of phytoferritin by electron microscopy in ribosomal preparations of pea embryonic axes prepared by the method of Ts'o et al. (1958) by Hyde et al. (1962) in California was followed by its isolation by these latter workers (Hyde et al., 1963) . It has subsequently been observed in various Vol. 171 tissues of a number of plants, mostly in cells not associated with active photosynthesis, such as apple fruit, pea and bean root, shoot meristem, conductive cells of Atriplex, Acer pseudoplantanus and willow Salix fragilis, excretional tissue of Passiflora and in epithem and hyathodes from Taraxacum and Saxifraga; its presence was also noted in leaf tissue, which had a lower photosynthetic capacity (reviewed by Seckbach, 1972a) . Iron administration to ironstarved plants increases the storage of ferritin in the chloroplasts (Seckbach, 1968 (Seckbach, , 1969 . Ferritin has been isolated from bean and pea by Hyde et al. (1963) and by Seckbach (1972b) .
We have isolated ferritin from pea and lentil and describe here its isolation and characterization. The subunit structure has been determined by molecular-weight estimation, for the subunit by polyacrylamide-gel electrophoresis in sodium dodecyl sulphate, and for the oligomer by low-angle neutron scattering. The iron contents of the phytoferritins have been determined, as have their amino acid compositions. Tryptic 'fingerprints' of the apophytoferritins have also been prepared. These characteristics are compared with those of mammalian ferritins. Granick (1943) . All other products were analytical grade.
Experimental

Methods
Isolation ofphytoferritins. The isolation of phytoferritins was carried out by a modification of the procedure described by Hyde et al. (1963) . The dried legumes (usually 1 kg) were allowed to swell in water for 2 days at room temperature (20°C) and were then homogenized in water and filtered through three layers of gauze. Dialysis at 4°C against phosphate buffer led to precipitation of some of the starch present, which was removed by centrifugation at 27000g for 20min. The supernatant was adjusted to 0.05M-MgCI2. This step was introduced by Hyde et al. (1963) to co-precipitate the phytoferritin and the ribosomes. However, we found it preferable to remove a large amount of starch by a low-speed centrifugation at 2000g for 5min, and then to pellet the phytoferritin by ultracentrifugation at 1000OOg for 2h. After resuspension of the pellet in water and homogenization, the cycle of low-speed and highspeed centrifugation was repeated, and finally the phytoferritin was passed through a column (2cm x 50cm) of DEAE-cellulose equilibrated in 0.01 Msodium phosphate buffer, pH7.3, and eluted with a linear gradient from 0.05M-to 0.5 M-NaCl in the phosphate buffer. The phytoferritin, characterized by its yellow-brown colour, was concentrated by ultrafiltration (Amicon, Lexington, MA, U.S.A.) and either used directly or subjected to gel filtration on a column (4cm x 120cm) of Sepharose 6B in 200mM-Tris/HCl buffer, pH 7.2.
Polyacrylamide-gel electrophoresis. The homogeneity of ferritin preparations was established by electrophoresis on 5 % polyacrylamide gels in columns (1cm x 1Ocm) with 0.034M-Tris/asparagine buffer, pH7.3, as electrode buffer for 45min at 2-3 mA per gel. Gels were stained in an Amido Black lOB solution (Bryce & Crichton, 1971 ) for 30min. They were destained in acetic acid/methanol/water (3:2:35, by vol.). Gel electrophoresis in sodium dodecyl sulphate of protein solutions that had been denatured by incubation with sodium dodecyl sulphate was carried out by the method of Weber & Osborn (1969) as described in Bryce & Crichton (1971) .
Amino acid analysis and peptide 'fingerprinting'. Amino acid analysis after hydrolysis for 16h in 6M-HCl at 1 10°C was carried out on a Locarte amino acid analyser (Locarte Co., London W12 9RT, U.K.). Tryptophan was determined by the method of Edelhoch (1967) . Tryptic 'fingerprints' on thin layers of micro-crystalline cellulose were as described in Huebers et al. (1976) .
Protein and iron determination. Protein was determined by amino acid analysis of approx. 30,ug of ferritin or apoferritin after acid hydrolysis, assuming values of 10 and 11 residues of glycine/subunit for lentil and pea apoferritin respectively. Iron was determined at 520nm as the oca'-bipyridyl complex after reduction of the ferritin.
Neutron-scattering experiments. Neutron-scattering measurements using the contrast-variation method (Stuhrmann & Kirste, 1967) were made at the high-flux-beam reactor of the Institut Max von LauePaul Langevin (Grenoble, France) with the lowangle scattering device D1I (Ibel, 1976) .
For the preparation of the samples, part of a solution of the protein in-H20 was dialysed for 48h against two changes of-2H20. Appropriate amounts of the solutions in H20 and 2H20 were mixed in quartz cells (150,ul, 1mm thickness) to obtain nine contrasts (0, 20, 40, 45, 50, 55, 60, 70, 100% 2H20) .
Corresponding H20/2H20 mixtures were used for background measurements. The exact 2H20 content of the samples was determined by transmission measurements. Protein and iron concentrations were measured after the neutron experiments as described above.
The values for the protein concentrations were 2.51 mg/ml for pea ferritin and 3.25 mg/ml for lentil ferritin. The iron concentration was 0.59mg/ml in both cases.
The scattering curves were measured in three parts, with sample-detector distances of 10.5, 2.5 and 1.7m and wavelengths of 0.65, 0.81 and 0.42nm respectively; the range of momentum transfer (K = 47rsin O/I, 20 = scattering angle, A = wavelength) extends from 5 x 10-4nm'1 to 3 x 10-2 nm-'. A velocity selector with 8% full width at half maximum was used. Each sample was measured for approx. 15min at 5°C. The partial scattering curves were merged by fitting the overlapping regions of momentum transfer.
The radii of gyration and the extrapolated zeroangle intensities were determined from a plot of the logarithm of the intensity [I(K)] versus the square of the momentum transfer (K) (Guinier plot).
Results
The yield of ferritin by the isolation procedure described in the Experimental section was ofthe order of 8mg/kg of dry legumes for pea and 20mg/kg for lentil. The two proteins were judged to be homogeneous on the basis of polyacrylamide-gel electrophoresis under denaturing and non-denaturing conditions. We did not observe higher oligomers than the ferritin monomer for the phytoferritins. shows the results of polyacrylamide-gel electrophoresis in the presence of sodium dodecyl sulphate of mixtures of each of the phytoferritins with horse spleen apoferritin and of the two phytoferritins together. Both plant ferritins have a higher subunit molecular weight than horse ferritin and the lentil apoferritin has a higher molecular weight than pea apoferritin (Fig. 1) . The subunit molecular weights of the apophytoferritins are given in Table 1 together with the standard deviation in the determinations. The iron content of the phytoferritins was also determined (Table 1 ).
In the contrast-variation method (Stuhrmann et al., 1976 ) the H20/2H20 concentration ratio which determines the scattering density of the solvent is varied in order to modify the excess scattering density of the solute, p(r). p(r) is a continuous threedimensional function, which is usually represented as a sum oftwo functions:
( 1) pc(r) represents the shape of the solute and takes into account its H/2H exchange properties, whereas p,(r) describes its internal structure.
The contrast (p = Psoiute-Psoivent) is the difference between the average scattering density of the solute (at p = 0) and the scattering density of the solvent.
For a monodisperse solution a plot of the square root of the extrapolated zero-angle intensity [VI(j] versus the scattering density ofthe solvent should thus result in a straight line which intercepts the abscissa when Psolute = Psoivent. Typical Guinier plots for lentil and pea ferritin are shown in Fig. 2 . When
VIMi is plotted against the scattering density of the solvent, pronounced deviations from linearity occur at low contrast, and most strikingly, VIR1) never reaches zero (Fig. 3 ). This can be explained by the polydispersity of unfractionated ferritin samples resulting from the variable iron content of the molecules. Stuhrmann & Du6e (1975) have shown that in such systems VRO) reaches a minimum when Table 1 . Physicalproperties ofplant ferritins The subunit molecular weights and iron content were determined as described in the text. S.E.M. values are given for subunit molecular-weight determinations; the numbers of determinations are given in parentheses. The iron contents are the means of four different preparations for each ferritin. Details of the methods used to determine oligomeric molecular weight and radius of gyration by low-angle neutron scattering, as well as the corrections used, are described in the text. Corresponding values for horse spleen ferritin are included for comparison [taken from Crichton (1973) Zero-angle scattering is a direct measure of the weight-average molecular weight (Stuhrmann et al, 1976) and is described by eqn. (2):
47rD(P-PH2O) PCV2c
where I (0) The Guinier plot for pea ferritin in H20 (Fig. 2) shows the presence of aggregates. It is shown below that these are mainly dimers. Making the same assumptions as for lentil ferritin a mol.wt. of 637418 is found when allowance is made for the presence of 6 % dimers. This gives a corrected mol.wt. of 463 686 for the oligomer (Table 1) .
Radii ofgyration
In general the variation of the radius of gyration R with contrast is described by eqn. (3) (Stuhrmann & Kirste, 1967) .
This expression is not applicable to polydisperse systems. Only the values of Rc, the radius of gyration at infinite contrast, and a, the second moment of the internal structure, can be determined with accuracy. Those depend on the measurements at high contrast, where the variable iron content has no influence. A plot of R2 versus the inverse of the contrast is shown in Fig. 4 Fig. 2 corresponds to the radius of gyration of these particles (RH20 = 8.54nm). Assuming that these particles are dimers one finds by application of the parallel-axis theorem that the separation between the centres of mass of the monomers in the dimers, A = 2 V/Rdimer-R?onomer = 137nm. Comparison with the diameter (2r) of pea ferritin suggests that the assumption is correct, hence justifying the calculations of the molecular weight.
The amino acid compositions of the two phytoferritins were determined, and the results are given in Table 2 together with the standard error of the mean. Cysteine was not determined. Fig. 5 shows the peptide maps oftryptic digests of the two apoferritins.
Discussion
The isolation of ferritin from dried legumes presents special problems, particularly because of the large amounts of starch present. However, the alternative of using etiolated seedlings leads to much lower yields of ferritins (Y. Ponce-Ortiz & R. R. Crichton, unpublished work) . By a combination of low-speed centrifugation, MgCl2 precipitation and DEAE-cellulose chromatography we were able to obtain homogeneous preparations of phytoferritins from the two legumes studied, which were free of starch. In the procedure originally described by Hyde et al. (1963) the MgCl2 step was included to co-precipitate phytoferritin and ribosomes. We have found that after MgCl2 treatment a large amount of starch could be eliminated by low-speed centrifugation (2000g) without appreciable loss of phytoferritin (as judged by the absence of coloration from the sediment). Since we have not observed contamination of our phytoferritin preparations with RNA, we assume that the ribosomes are either precipitated by the MgCI2 or else are removed at the subsequent DEAE-cellulose step. We have tried to use the same procedure for isolation of phytoferritin from spinach leaves without success (R. R. Crichton, C. Monard & Y. Ponce-Ortiz, unpublished work). The yield obtained with dried lentils (20mg/kg) suggests that this may be the most suitable source for obtaining plant ferritin.
Since we have used an ultracentrifugal method for the isolation of plant ferritin, we cannot draw any conclusions about the average iron content of these ferritins in the plant cells, since we are selecting those molecules that are sedimented at 1000OOg in 2h. We know that, for example, rat mucosal ferritin with an average iron content of 550 atoms/molecule is not sedimented at 120000g in 1 h (Huebers et al., 1976) . Seckbach (1972a) showed that iron loading increases the ferritin content of Xanthiumpensylvanicum leaves. Clusters of electron-dense particles consisting of ferritin iron cores of diameter 50-60nm were observed by electron microscopy in plastids and mature chloroplasts. This value of around 5.5nm diameter for the iron core in phytoferritins (Seckbach, 1972a) Crichton, unpublished work) . In view of the fact that the phytoferritins have a larger interior volume than mammalian ferritins, it would be expected that full phytoferritins would contain more iron than their mammalian equivalents. We tried to load the phytoferritins with iron by using ferrous ammonium sulphate in 200mM-imidazole buffer, pH7.5, and were able to obtain pea ferritin containing 5054 atoms of iron/molecule. We do not know if this value represents the maximum possible content; it is consistent with the increase in interior volume.
The subunit molecular weights of the plant ferritins are higher than those found for most mammalian ferritins (18000-19000), although ferritins of subunit mol.wt. 21000 have been reported in animal tissues such as horse liver (Crichton et al., 1977) . The quaternary structure of the plant ferritins is the same as that for mammalian ferritins, i.e. 24 subunits per molecule of apoferritin (Table 1) . However, the increase in subunit and in oligomer molecular weight compared with mammalian ferritins results in a molecule that has a larger radius of gyration at infinite contrast, R,, and a larger external and internal radius (Table 1 ). We would expect that both pea and lentil ferritin can store a greater quantity of iron than horse spleen ferritin can, and from calculation of the relative interior volumes we expect the maximum iron contents to be 5420 atoms/molecule and 6200 atoms/molecule respectively. The deviations from linearity in the Guinier zone observed for pea ferritin (Fig. 2) can be attributed to dimer formation, as shown by the application of the parallel-axis theorem (see the Results section). Self-aggregation is a well-documented phenomenon for mammalian ferritins (Crichton, 1973) . Comparison of the tryptic 'fingerprints' of the two plant ferritins reveals a few peptides that may be common to the two proteins. We have been unable to detect any similarities with horse spleen apoferritin, which suggests that there are large differences in sequence.
In conclusion, we have established a satisfactory purification procedure for phytoferritin from dried pea and lentil. The content in lentils is quite high; this reserve of iron is no doubt used for synthesis of haem and non-haem iron enzymes associated with photosynthesis, since phytoferritins have been detected in plastids from various plant tissues (Seckbach, 1972a) . The phytoferritins are larger than mammalian ferritins and are hence capable of storing more iron. Preliminary studies reported here suggest that although they have the same quaternary structure as mammalian ferritins, they have quite large differences in their primary structures.
